Abstract: An optical distribution network (ODN) sharing scheme to integrate mobile backhaul networks with the existing passive optical network (PON) systems is proposed and demonstrated. With the ODN sharing scheme, the expense of building new fibers for the next-generation fifth-generation (5G) mobile backhaul networks can be reduced. As many wavelengths are allocated to the already deployed PON systems, there remain limited wavelengths for the mobile backhaul systems. Hence, to efficiently increase the serving cell sites of the 5G systems, spectral-efficient orthogonal frequency-division multiplexing (OFDM) is adopted in the mobile backhaul systems. In order to reduce the latency of the system, adaptive adjustment of the OFDM signals for different transmission distances is averted. The OFDM signals are transmitted only using specific available bandwidth. The available bandwidth for each wavelength is studied according to the power fading relationship between the transmission distances and the chirp induced from signal modulation. A proof-of-concept demonstration experiment has been performed. In our results, 20.17 Gb/s with a bit error rate (BER) lower than 3:8 Â 10
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À3 was realized with a split ratio of 256 and a 40-km transmission distance of the PON ODN. Hence, each wavelength can support about 20, six, and two nodes for the IMT-advanced, current Long-Term Evolution-Advanced (LTE-A) systems, and the expected 5G systems, respectively.
Introduction
Prosperous development of smart devices pushes the evolution of the mobile communication techniques. While fourth-generation (4G) techniques have become more mature recently, it is then reasonable to investigate the challenges of fifth-generation (5G) wireless networks to meet the bandwidth demand of mobile data services. The predicting features of the 5G systems includes 1000 folds of the capacity density of the 4G systems, peak capacity of tens of Gigabits per second, and efficiency improvement [1] , [2] . To meet the high capacity density requirement, deploying massive small cells is inevitable. Optical fibers have the characteristics of high bandwidth and low transmission loss; hence it is beneficial to use optical fibers as the transmission media between the mobile sites and their central office (CO). Though optical fibers can provide sufficient bandwidth and transmission distance for the mobile backhaul networks, deploying new fibers is costly [3] . In the early stage of 5G development, it is uncertain if these deployment cost can be balanced in acceptable time ranges. Hence, looking for economical schemes for the 5G mobile backhaul networks are important.
Passive optical networks (PONs) were widely deployed in the last decade [4] , [5] . By using the existing PON systems, the deployment cost of the backhaul networks can be reduced in the trial stage of the 5G systems. However, since many wavelengths are allocated to the already deployed PON systems [6] , the available wavelengths for the mobile backhaul systems are highly limited. Hence, to meet the capacity requirement of the 5G systems, high spectral efficiency modulation technique is very important.
Orthogonal frequency-division multiplexing (OFDM) is a modulation technique featuring in high spectral efficiency and dispersion resistance [7] . Through the OFDMA wireless access technique, OFDM may also be suitable as an intermediate system between the 4G and 5G era, for which different data rates may be required for the corresponding backhaul systems. Techniques of the OFDM systems were extensively investigated [8] - [12] . Although OFDM can provide higher spectral efficiency, its useful bandwidth is still limited by the chromatic dispersion of a fiber. In ref. [11] , two wavelengths carrying the same data with modulators having different chirp values were adopted to fully use the photo-diode (PD) bandwidth over different distances. However, this may cause waste of the wavelengths. In ref. [12] , adaptive band allocation, subcarrier loading, and power loading techniques are used to optimize the subcarrier signals for different transmission distances. Hence, high data rate can be realized. While tremendous new cells located at different distances from the CO are introduced, more complex calculation at the transmitter end are required to compensate the dispersion-induced power fading and to bit-load the OFDM subcarriers. This can increase both the system cost and the process latency.
In this paper, an optical distribution network (ODN) sharing scheme is proposed to integrate the mobile backhaul systems into the existing PON systems. By efficiently using the deployed ODN, the expenses of building new fibers for the mobile backhaul network can be reduced. The system bandwidth is determined by analyzing the power fading behavior within 40 km transmission to meet the requirement of the second stage next generation PON (NG-PON2). The 3-dB bandwidth available after 40 km transmission is used for all OFDM signals. Hence, it is not necessary to adaptively adjust the OFDM signals according to the transmission distances. High data rate and low process time can thus be achieved. 20.17 Gb/s net data rate with bit error rate (BER) less than 3:8 Â 10
À3 was demonstrated over a PON ODN with 256 split ratio and 40 km transmission distance, which meets the requirement of NG-PON2. In our results, 20, six, and two end nodes can be supported by each wavelength, respectively, for the requirements of IMTAdvanced (IMT-A) [14] , LTE-Advanced (LTE-A) [15] , and what is expected of 5G [1] , [2] . The AWG is used to route the signals at different wavelengths to different mobile sites. If a semiconductor optical amplifier (SOA) is used as the OA, the SOA and the AWG may be integrated into a single component [13] . An optical coupler may be further connected after the AWG to support more mobile sites providing the data rate per wavelength is sufficient. Here, a MIN can also act as a mobile site supporting different wireless modules (Mod). A wireless module may include a set of electrical processors, amplifiers, and antennas.
Architecture and Numerical Analyses
Due to the fiber chromatic dispersion, power fading occurs at different frequencies at different transmission distances. Fig. 2(a) and (b) show the power fading relationship between the transmission distances and chirp [16] induced from signal modulation. In our scheme, since external modulation is used and the bias current of laser source is fixed, negligible chirp is generated from the laser [17] - [19] . Hence, our chirp parameter is dominated by the MZM which in our analysis can be around 0.2. Since it is commercially available to have modulators with low chirps, chirp with up to 0.2 is considered. Even though the two arms of the MZM are respectively driven by complementary electrical signals, the power imbalance in the two arms (may be due to V drift [20] ) can produce chirp. Since the V drift is typically in the range of 1-2 V, producing an overall power imbalance of about 70%, which can result in a chirp value of about 0.2. Hence, the scenarios of zero chirp and a chirp of 0.2 are considered here. The fiber dispersion parameters are calculated according to the Corning single mode fiber (Corning SMF-28 Optical Fiber). To obtain nearly equal signal performance for a system with differential distances up to 40 km (required for the NG-PON2), the 3-dB bandwidth after the fiber is regarded as the available bandwidth for the transmission. Fig. 2(c) shows the relationship between the BER and the signal-to-noise ratio (SNR) under noise with Gaussian behavior, and Fig. 2(c) is independent of the chirp parameters. We can see for BER lower than the forward error correction (FEC) threshold ð3:8 Â 10 À3 Þ, the SNR penalty between the hierarchically neighboring formats is around 3-4 dB. Hence, by ensuring the power fluctuation among different subcarriers being less than 3 dB, similar performance will be obtained for signals with different transmission distances under a specific bit-loading scheme. Then, from Fig. 2(b) , while the highest chirp is ¼ 0:2, the available bandwidth for 40 km differential distances is about 6 GHz. This will be set as the system bandwidth for our mobile backhaul network. Fig. 3 is the proof-of-concept experiment setup. A laser was launched into the Mach-Zehnder modulator (MZM) through a polarization controller (PC). The MZM was driven by OFDM signals generated by an arbitrary waveform generator. The sampling rate of the arbitrary waveform generator was 12 GS/s. The OFDM signals had their fast Fourier transform (FFT) size of 512, and 1/32 cyclic prefix (CP) was added in each OFDM symbol. The direct current (DC) component of the OFDM signal was not used, and the remaining 255 subcarriers were bit-loaded according to the system response. Fig. 4(a) shows the bit-loading scheme, which was unified for all different transmission distances. The net data rate of the signals was about 20.17 Gb/s. After the MZM, the optical signal was amplified by an erbium-doped fiber amplifier (EDFA). After 40 km transmission, the fiber output power was about ∼3 dBm. The termination node of the fibers was connected with the remote node (RN). An optical attenuator was used to emulate the power splitter. After the optical attenuator, the signals were amplified in the MIN and routed by an optical bandpass filter (OBF). In the mobile site, a PD was used to transform the optical signals into electrical signals. The DC component of the electrical signals was filtered by a DC block and input into a real-time sampling scope. The scope sampling rate was 40 GS/s. The received discrete signals were decoded offline. Fig. 4(b) shows the SNR performance at different frequencies for different transmission distances while the optical attenuator was set 24 dB, which represents the split ratio requirement of NG-PON2 as 1:256. We can observe that the SNR curves shift nearly vertically for different transmission distances. This is a result of reduced power fading influence within our In our proof-of-concept demonstration, we show that each wavelength can support about 20 Gb/s (net data rate is 20.17 Gb/s), which corresponds to spectral efficiency of 3.36 b/s/Hz. Considering the capacity requirement of IMT-A (1 Gb/s) [14] , LTE-A (currently 3 Gb/s) [15] , and 5G (expectedly > 10 Gb/s) [1] , [2] , we can see that the estimated supported nodes of the mobile systems are respectively 20, 6, and 2 for each wavelength. In the migration stage from the 4G systems into the 5G systems, it may be also inevitable to have the new 4G nodes and 5G nodes deployed at the same time. Then the LTE-A nodes and the 5G nodes can also be developed in the ratio of 3:1 for each wavelength. This hybrid system can be used for developing the 5G systems in the preliminary stage. Fig. 6(a) shows the attenuation response of ITU-T G.652 fiber [6] , with the wavelength allocation for the existing services is shown in the figure legends of [21, Fig. 6(a) ]. According to Fig. 4(c) , after 40 km transmission, there remains less than 1 dB power budget for 256 splitratios satisfying the FEC threshold; hence, the allowable fiber attenuation should be less than 0.225 dB/km to support 40 km transmission. The attenuation of 0.225 dB/km is marked by the dash line of Fig. 6(a) . Besides, guard bands of 3 nm are reserved for each application; hence, only the wavelength band with yellow color shown in Fig. 6(a) are available, and the total available bandwidth is about 59 nm ð18 þ 9 þ 10 þ 22 nmÞ. For different grids of the AWG used, the estimated available mobile nodes will be 20, six, and two nodes respectively for the IMT-advanced, current LTE-A systems, and the expected 5G systems. The scaling factor is shown in Fig. 6(b) according to the AWG grid unit of 12.5 GHz. Even with 100 GHz ITU grid, 73 DWDM channels are available for our proposed integrated systems.
Experimental Results and Discussion

Summary
An integration scheme of running the OFDM based mobile backhaul networks over the existing PON systems is proposed and demonstrated. In our proposed scheme, the expense for deploying new fibers for the mobile backhaul networks can be reduced. Hence, it meets the cost reduction requirement for developing emerging 5G systems. Moreover, in our proposed scheme, we do not need to adaptively adjust the transmitted OFDM signal according to different distances between the end nodes and the CO; hence, the signal process time can be further reduced. From our experiment results, we successfully demonstrated the integration systems with 256 split ratio and, at most, 40 km transmission distance, which meets the requirement of NG-PON2. 20.17 Gb/s net data rate was also demonstrated to support 20, six, and two nodes/wavelength, respectively, for the requirement of the IMT-advanced, current LTE-A systems, and the expected 5G systems.
